Interface pressures and shear stresses within the socket, in standing and walking, were measured for two unilateral, male, trans-tibial amputee subjects, during two sessions each. The ratios of equal weight-bearing standing stresses to peak walking stresses showed regional variation, ranging from 0.24:1 for pressure over the anterior region to 1.01:1 for resultant interface shear stress over the lateral region. Interface stresses in standing were only moderate predictors of peak walking stresses. The best correlation coefficient between standing in full weight-bearing and peak walking stress was 0.88 for pressure over the lateral region. As the amputees progressed from minimal to full weight-bearing in standing, and then to walking, the interface stresses increased in a nonlinear fashion, consistent with the assumption that the anterior tibia provides much resistance to the bending moment in the sagittal plane during walking.
Introduction
Transparent check sockets are commonly used by a prosthetist to optimise fit during the design and fabrication of a new prosthetic socket. The contact pattern of the stump and its skin colour are interpreted as rough indicators of the relative interface stress distribution under the externally applied load. The check socket is, however, a static test, a necessary limitation so that the prosthetist can closely examine local areas. The prosthetist must use experience and knowledge All correspondence to be addressed to J. E. Sanders, Bioengineering, 357962, Harris Hydraulics 309, University of Washington, Seattle, WA 98195, USA. Phone: (+1) 206 221-5872; Fax: (+1) 206 221-5874; E-mail: jsanders@u.washington.edu of anatomy and biomechanics to extrapolate from the static to the dynamic context. When compared with standing, walking produces a bending moment of the ground reaction force about the knee joint in the sagittal and transverse planes. In the trans-tibial prosthesis, resistance of this bending moment would require that the anterior distal and posterior proximal regions of the stump be loaded more than others during the stance phase of walking. One would therefore expect the interface stress distribution during walking to be much different from that during standing.
There has been little work quantifying this relationship between interface stresses during standing and the peak interface stresses during stance phase, especially with regard to shear stress. The authors' earlier studies (Sanders et al, 1993) on three trans-tibial amputees showed peak stance-phase pressures to be on average 2.4 (+0.6) times the pressures during standing with weight borne equally on both legs (equal weightbearing). For resultant shear stresses this ratio was 1.4 (+0.6): 1. Antero-distal sites were usually loaded more than antero-proximal sites. However, only four sites could be monitored at a time in that study. Later, Zhang et al. (1998) performed a similar experiment, measuring from five sites at a time on three subjects. They reported ratios of 3.4 (±1.5):1 and 3.1 (±0.9):l respectively for pressures and resultant shear stresses. Pearson et al. (1973) , in a study measuring only pressures on ten subjects, showed that maximum muscle-tensed pressures were higher than maximum walking pressures at some sites on some subjects but lower than maximum walking pressures at other sites. They concluded that in single-support weight-bearing on the prosthetic side (full weight-bearing) with muscles tensed, the measured pressures were at least rough approximations of the peak pressures generated during walking. All three studies allowed interface stress measurements at only four to five locations at a time, and therefore the investigators could not assess regional distributions of interface stresses in either standing or walking.
The purpose of this study was to extend beyond previous efforts comparing walking and standing interface stresses on trans-tibial amputee subjects. Interface stresses were monitored at more sites (thirteen sites) during standing at three levels of weight-bearing (low, equal, and full) and during walking. Ratios of stress magnitudes were determined from the pressures and resultant shear stresses. Three questions were addressed in the data analysis: Ql. Are the interface stress ratios of standing to walking the same in different regions of the stump? Q2. Are the interface stresses from equal weight-bearing better predictors of the peak walking stresses than those from full weight-bearing? Q3. Do the interface stress magnitudes increase linearly as the amputee progresses from minimal weight-bearing to equal weightbearing, to full weight-bearing, to the stance phase of walking?
Materials and methods
Interface pressures and shear stresses were measured on two, adult, male, unilateral, transtibial volunteer amputee subjects wearing patellar-tendon-bearing (PTB) design sockets. Both amputations resulted from trauma at least two years prior to this study. Measurements were made at thirteen sites on the prosthetic socket, using instrumentation and methodology approved by the Institutional Review Board, and previously described (Sanders et ah, 1997) . Briefly, a laminated-polyester, total contact, PTB socket was made for each amputee under the supervision of a certified prosthetist. No liner was provided, though each subject wore a five-ply wool sock. Neoprene sleeve suspension was used. Holes were drilled in the socket at anterior (six sites), lateral (four sites), and posterior (three sites) locations ( Fig. l(a) ). Plastic transducer mounts with 7.60mm internal diameter holes were positioned perpendicular to the socket inner surface and bonded to the outside of the socket. Transducers with 6.35mm diameter faces were positioned flush with the inner socket surface. Interface stresses were therefore measured at the socket-sock interface. Each strain-gauged transducer measured pressure (compressive normal stress) and two perpendicular directions of shear stress in the plane of the transducer face. Data were simultaneously collected at 175Hz for all three directions from all thirteen transducers. Transducer output voltages were transformed to the following interface stress parameters: pressure (kPa), resultant shear stress magnitude (kPa), and resultant shear stress angle (degrees) with respect to the socket longitudinal axis. The instrumented prostheses were dynamically aligned prior to testing. During a data collection session, the subject donned the instrumented prosthesis and walked once or twice down a hallway while transducer performance was verified and minor alignment changes performed. Standing data were then collected for 2s for three different weight-bearing conditions: low, wherein most of the body weight was borne on the contralateral limb with the prosthesis just touching the floor; equal, wherein weight was borne equally on both limbs; and, full, wherein the majority of body weight was borne on the prosthetic side with the contralateral foot just touching the floor. Interface stresses for each transducer were averaged over the 2s data collection period. Walking data were then collected over three to four trials as the subject walked at a self-selected pace between markers 20.8m apart. The 23 or more most consistent strides were identified, and the peak interface pressures and peak interface resultant shear stress magnitudes identified for each step before being averaged. Standing and walking data collection were repeated three weeks later for subject TW, and seven weeks later for subject WP. The magnitude of standing and walking interface stresses from each session for each subject were treated separately during the analysis.
Results
Maximal pressures during walking were 223.8kPa and 157.7kPa, respectively for subjects TW and WP. Maximal pressures during standing were 124.5kPa and 114.6kPa, respectively. Maximal resultant shear stresses during walking were 60.1kPa and 66.1kPa,
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Interface stresses Lateral 37 Anterior [NF] ?NF] 1 and 2 depict the distribution and relative magnitudes of pressure and resultant shear stress for each subject at one session. Note that the distributions are different for each subject, though pressures tended to be highest at anterior distal, anterior mid-limb, and lateral distal sites. In standing (first three quadrants), subject WP did not load the anterior sites in pressure as heavily as the other sites, though some anterior sites experienced relatively large standing resultant shear stresses. In contrast, subject TW in standing loaded the anterior sites more heavily in pressure but not as heavily in resultant shear stress. Ql. Interface stress ratios showed a regional dependence for both pressure and resultant shear stress. Table 1 depicts the stress ratios for the thirteen measurement sites grouped into three regions: anterior, lateral, and posterior. Stress ratios were computed individually for each site, for each session for each subject, and the individual ratios then averaged across subject and session. By computing the ratios prior to averaging, the differences in stress magnitudes between sessions and subjects were normalized, while retaining the relative magnitudes within a session. For both pressure (Table 1 , columns 2 and 3) and resultant shear stress (Table 1 , columns 4 and 5), the anterior region had the lowest standingrwalking ratios and the lateral sites had the highest standing:walking ratios. Note that resultant shear stress magnitudes on the lateral and posterior sites could be greater in standing than in walking (ratios > 1). One-way ANOVA analysis of the mean regional stress ratios, for both pressure and resultant shear stress and for both equalrwalking and full:walking interface stress ratios, showed the regional means to be unequal (p < 0.01). Pairwise comparison of regional means by a twotailed Mest showed the anterior region to be significantly different from both the posterior and lateral regions, for both pressure and resultant shear stress for both equal:walking and full:walking interface stress ratios.
Q2. Standing interface stresses were only moderate predictors of peak walking stresses, as shown by the correlation coefficients between standing and walking stresses ( Table 2) . As with the interface stress ratios, the individual sessions were treated separately in computing the correlations. For equal and full weight-bearing, correlation coefficients for pressures varied from 0.46 to 0.88, and for resultant shear stresses from 0.30 to 0.81. Full weight-bearing showed better correlations than equal weight-bearing for pressures in the lateral and posterior regions, and for resultant shear stresses in all three regions. The differences, however, were not large, except for the posterior region. Low weight-bearing was a poor predictor of peak walking stresses on the lateral and posterior regions, especially for resultant shear stress. However, for the anterior region and all regions combined, low weightbearing proved to be no worse than equal weight-bearing, with correlation coefficients for all regions of 0.57 and 0.64 respectively for pressure and resultant shear stress. Q3. Only interface pressures over the lateral and posterior region showed linear increases with progressive increase in weightbearing ( Figs. 3 and 4) . For the anterior region, the mean interface pressure increased markedly during walking, as compared with levels of weight-bearing in standing (Fig. 3) . This was also true individually for each session (data not shown). The mean interface resultant shear stress over the anterior region also increased in a nonlinear manner, though the increase from standing to walking was not as marked (Fig. 4) . In contrast, over the lateral and posterior regions the rate of increase of resultant shear stress magnitudes decreased with progressive increase in weight-bearing.
The biomechanical principles underlying the PTB socket design require that the interface stresses from the anterior distal and posterior proximal regions of the stump generate a couple that resists the bending moment in the sagittal plane caused by the ground reaction force during walking. However, sites in this region (anterolateral distal, antero-medial distal, popliteal fossa) did not show patterns substantially different from sites in the anterior region as a whole (see Tables 1 and 2 and dashed line in Figs. 3 and 4 ).
Discussion
The interface stress magnitudes and standing:walking ratios presented here for two subjects, for two sessions each, are consistent with those reported by Pearson et al. (1973) and Sanders et al (1993) , but do not fully match those of Zhang et al. (1998) . For interface pressures, Pearson reported average maximal values of ~100kPa over the anterior distal area during single-support standing, compared to the results here of 71.2kPa. However, both of these results are substantially lower than the 220kPa reported by Zhang et al. (1998) . From Pearson's published figures, approximate pressure ratios of 0.18:1 for equal:walking and 0.33:1 for full:walking can be deduced for the anterior distal site, compared with the results here of 0.24:1 and 0.43:1 for the anterior region as a whole. In the authors' earlier studies, (Sanders et al, 1993) the average equahwalking pressure ratio was 0.4:1, whereas in the present study with more transducer locations it was 0.39:1. Again, these results are greater than the 0.29:1 ratio reported by Zhang et al. (1998) . For interface resultant shear stresses, Zhang et al. (1998) reported maximal resultant shear stresses of 43kPa for standing and 61 kPa for walking, compared to the results here of 51.7kPa and 66.1kPa. (Pearson did not measure shear stress). The equal:walking resultant shear stress ratio for all sites in the present study was 0.62:1, lying between previously reported values of 0.71:1 (Sanders et al, 1993) and 0.32:1 (Zhang et al, 1998 ). The regional variation of standing:walking ratios in the present study bears out the suggestion by Sanders et al (1993) that, "It would not be appropriate to conclude that there was a single ratio," relating all the transducer sites.
The discrepancies between the data by Zhang et al. (1998) and the present study, may in part be due to differences in methodology. Zhang et al. (1998) positioned their transducers in 19.0mm holes over the patellar tendon and the distal tibial crest, regions of known high pressure and curvature. These two sites were not measured in the present study since sufficiently flat surfaces needed to position the 6.35mm diameter transducers flush with the socket wall were not available.
Three conclusions may be drawn for the amputees studied here: 1) The ratios of standing:walking interface stresses show a regional dependence, consistent with the reasoning that in a PTB socket the bending moment in the sagittal plane causes increased posterior proximal and anterior distal stresses during walking, as compared with standing. 2) Standing stresses are only moderately predictive of peak walking stresses, with full weightbearing having slightly better predictive ability than equal weight-bearing. Given this limited predictive ability, and the need for experience on the part of the prosthetist in extrapolating the static test to the dynamic situation, when using a transparent check socket to estimate socket fit, standing in equal weight-bearing may be considered an adequate test as compared with a full weight-bearing test. 3) Anterior region peak pressures rise nonlinearly from low to equal to full weight-bearing to walking. Lateral and posterior region resultant shear stress show comparable resultant shear stresses for full weight-bearing and walking. Thus during full weight-bearing with a check socket, except for lateral and posterior resultant shear stresses, the pressures and resultant shear stresses ' experienced are underestimates of those during walking.
